Anaplasma phagocytophilum, an agent of human granulocytic anaplasmosis, infects neutrophils and causes an emerging tickborne febrile disease. The genome of this bacterium contains a large number of p44/msp2-related genes encoding 44 kDa major outer-membrane proteins, and it is known that a specific p44/msp2 gene is predominantly transcribed from a single expression locus. This study successfully characterized the genomic expression site for p44/msp2 (3.8 kb) in uncultured A. phagocytophilum from Ixodes persulcatus ticks inhabiting a northern part of Japan. Comparative analysis of the sequences revealed that the structures of the expression sites in Japanese A. phagocytophilum were similar to those of US strains from human patients and European strains from a dog and sheep, but omp-1N (upstream from p44/msp2) and a truncated recA (downstream from p44/msp2) in the p44/msp2 expression site seemed to share similarities with those of US and European strains. The central hypervariable region sequences of Japanese p44/msp2 were found to be quite diverse (24.4-100 % amino acid similarities) and distinct from their closest relatives from US human patients or animal host origins (56.3-97.6 % amino acid similarities) with some exceptions. Thus, this study provides significant information about the molecular characteristics of A. phagocytophilum in East Asia, as well as the global diversity of p44/msp2.
INTRODUCTION
Anaplasma phagocytophilum, an obligate and Gram-negative intracellular bacterium, infects neutrophils and causes a febrile systemic illness, granulocytic anaplasmosis, in dogs, cattle, horses and sheep, as well as in humans (Dumler et al., 2005) . In nature, A. phagocytophilum is maintained in a tick-mammal cycle. The arthropod vectors for the transmission of this agent are primarily Ixodes ticks, such as Ixodes scapularis and Ixodes pacificus in the USA, Ixodes ricinus in Europe, and Ixodes persulcatus and Ixodes ovatus in East Asia including Japan (Dumler et al., 2005; Ohashi et al., 2005) .
The p44/msp2 multigene family comprising paralogous genes encoding the 44 kDa major outer-membrane proteins or major surface protein 2 (Barbet et al., 2003; Zhi et al., 1998 Zhi et al., , 1999 Zhi et al., , 2002 ) is thought to be responsible for antigenic variation of A. phagocytophilum due to gene conversion . Protein structures encoded by this multigene family consist of a single and central hypervariable region flanked by N-and C-terminal conserved regions (Lin et al., 2002) . The complete genome sequence of the A. phagocytophilum HZ strain found in the USA (Hotopp et al., 2006) revealed 113 p44/msp2 loci including truncated or short 59 or 39 gene fragments that are widely distributed in the genome. These loci might function as donors, not donor repertoire genes, through (not due to) homologous recombination via the RecF pathway at a single expression locus (Lin et al., 2003 . By this mechanism, A. phagocytophilum could express a variety of specific 44 kDa proteins on the bacterial surface to avoid the host immune defence system (Barbet et al., 2003; Wang et al., 2004 Wang et al., , 2007 .
In Japan, we previously identified Ixodes ticks naturally infected with A. phagocytophilum (Ohashi et al., 2005) and characterized the hypervariable regions of p44/msp2-related genes (Wuritu et al., 2009) . However, as A. phagocytophilum has not been isolated in Japan, it is difficult to analyse in detail the molecular and biological features of Japanese A. phagocytophilum. In this study, we used an isothermal strand-displacement amplification method to obtain total DNA sufficient for molecular analysis from naturally infected ticks. In this way, we eventually succeeded in the characterization of a genomic expression site for p44/msp2 in uncultured A. phagocytophilum from Ixodes ticks.
METHODS
Identification of A. phagocytophilum-infected ticks. In 2006, a total of 130 adult and nymph unfed ticks (32 I. persulcatus, 96 I. ovatus and two Haemaphysalis japonica) were collected by flagging vegetation on wooded areas or fields in the northern parts of Honshu Island including Aomori and Iwate prefectures in Japan. The ticks were dissected and their salivary glands were obtained. Total DNA was extracted from the salivary glands of individual ticks using a QIAamp DNA Mini kit (Qiagen). To identify A. phagocyotophiluminfected ticks, the hypervariable regions of p44/msp2 genes specific for A. phagocytophilum were amplified from the total DNA prepared from the salivary glands of ticks by nested PCR. The primer pairs used for this purpose were p3726 and p4257 for the first step and p3761 and p4183 for the second step (Table 1 ; producing the 400 bp fragment A shown in Fig. 1 ), as described previously (Masuzawa et al., 2008; Ohashi et al., 2005; Wuritu et al., 2009) . The PCR products were gel-purified and cloned into a pCR2.1 vector using a TA Cloning kit (Invitrogen). Escherichia coli DH5a (Toyobo) was transformed with the recombinant plasmids. The recombinant clones obtained were selected randomly and the insert DNA of each clone was sequenced.
Analysis of the p44/msp2 expression site of A. phagocytophilum in salivary glands of naturally infected ticks. To yield sufficient DNA for molecular analysis, we first amplified total DNA prepared from the salivary glands of ticks that were PCR-positive for DAmplified DNAs corresponding to fragments A-G in Fig. 1 .
the hypervariable region sequences of A. phagocytophilum as described above, by isothermal strand-displacement amplification using an illustra GenomiPhi V2 DNA amplification kit (GE Healthcare). This procedure with GenomiPhi V2 can generate microgram quantities of the salivary gland DNA from nanogram amounts of starting material in only a few hours. For an initial approach, forward and reverse primers (p44LA-F1 and p44LA-R1; Table 1 ) were designed based on the conserved sequences among five strains of A. phagocytophilum including three strains from US human patients (GenBank accession nos NC_007797, AY164490 and AY137510), a strain from Norwegian sheep (norsheep, GenBank accession no. DQ519565) and a strain from a Swedish dog (swdog, GenBank accession no. DQ519566) that have been published previously (Barbet et al., 2003 (Barbet et al., , 2006 Lin et al., 2003) . This primer pair was expected to amplify a 1.6 kb DNA fragment (corresponding to fragment B in Fig. 1 ) containing two tandemly arranged genes consisting of a 59-truncated p44/msp2 and a 39-truncated recA-like gene at a p44/msp2 expression site (Fig. 1) . PCR was conducted using LA Taq polymerase (TaKaRa) according to the manufacturer's instructions. The amplicons obtained were gelpurified and TA-cloned as described above, and recombinant clones were selected randomly and sequenced. To extend both 59 and 39 directions of the 1.6 kb DNA, we designed additional primers based on conserved sequences among the strains from US human patients, Norwegian sheep and the Swedish dog as described above (Table 1) . By using such primers, DNA fragments corresponding to fragments C-G in Fig. 1 were amplified and directly sequenced.
Sequence analysis. Nucleotide sequences obtained in this study were assembled and translated into protein sequences using the Sequencher program (Gene Codes). Homology searches were performed using BLASTN or BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the deduced amino acid sequences were aligned using CLUSTAL_X software (Thompson et al., 1997) . A phylogram was constructed using the neighbour-joining method (NJplot software: Saitou & Nei, 1987) and bootstrap values were obtained with 1000 resamplings.
RESULTS AND DISCUSSION
We first surveyed ticks infected with A. phagocytophilum by nested PCR targeting the hypervariable regions of p44/ msp2-related genes. Using this method, we detected a 400 bp DNA fragment corresponding to fragment A as shown in Fig. 1 from four I. persulcatus and two I. ovatus (Tick-70 and Tick-71) in 130 unfed ticks that were collected. The prevalence was thus estimated to be 4.6 % (6/130). We next examined a DNA region of approximately 1.6 kb (corresponding to fragment B in Fig. 1 ) containing a 59-truncated p44/msp2 and a 39-truncated recA gene in the GenomiPhiamplified DNAs from six p44/msp2-positive ticks by a single PCR with primers p44LA-F1and p44LA-R1 (Table 1) to characterize the genomic expression site for p44/msp2. Using this method, we successfully amplified the corresponding fragment from two I. persulcatus ticks (Tick-162 and Tick-176), but could not detect the fragment from the four remaining I. persulcatus and I. ovatus ticks. To attempt further amplification of the 1.6 kb fragment B from these four ticks, a nested PCR with several primers that were additionally designed (not shown in Table 1 ) was conducted. However, none of the four infected ticks was PCR-positive, although Tick-162 and Tick-176 were also positive in this nested PCR. The reason why this largersized fragment could not be detected in all six infected ticks might be due to differences in infectivity of A. phagocytophilum in respective ticks. Indeed, in the survey of infected ticks described above, the hypervariable region for p44/ msp2 could be detected in Tick-162 and Tick-176 by the first-step PCR, but was detected in the other four only by nested PCR. This suggests that the ticks (except for Tick-162 and Tick-176) might be poorly infected and that the genomic DNA of A. phagocytophilum, essential for the amplification of this larger-sized fragment, could not be obtained from these four ticks even using template DNA amplified with GenomiPhi. To extend the 59 and 39 regions of fragment B obtained from Tick-162 and Tick-176, we amplified and directly sequenced the DNA corresponding to fragments C-G (Fig. 1) using the primer pairs shown in Table 1 . As fragment B includes multiple p44/msp2 genes, each amplicon was cloned and the respective recombinant clones were sequenced. By sequence analysis, we determined the 3791 and 3782 kb sequences of the p44/msp2 expression sites from uncultured A. phagocytophilum in Japanese ticks. The expression sites consisted of omp-1X, omp-1N (a gene encoding outer-membrane protein 1N originally identified in Ehrlichia chaffeensis), p44/msp2, a truncated recA and valS (Fig. 1) , which are similar to those of the strains from several mammalian host species such as humans, dog and sheep in the USA and Europe (Barbet et Lin et al., 2003) , suggesting that the gene organization of p44/msp2 expression sites may be preserved worldwide.
As shown in Fig. 2(a) , in a 274 aa sequence alignment of omp-1N located upstream from p44/msp2, the sequences from the two ticks (Tick-162 and Tick 176) were identical to each other but distinct from those of the strains from a US human patient (ushuman, GenBank accession no. NC_007797), a Swedish dog (swdog, GenBank accession no. DQ519566) and a Norwegian sheep (norsheep, GenBank accession no. DQ519565) with 82-92 % amino acid similarities. The closest relative of omp-1N from Japanese ticks was that from the Swedish dog (92 %), whereas the 87 aa sequences of the truncated recA from the two ticks were identical to each other and also to that of ushuman; the lowest similarity was 97 % with that of norsheep (data not shown), suggesting that the sequence similarities of p44/ msp2 expression sites appear to be shared worldwide. In Fig.  2(b) , amino acid sequence alignment of p44/msp2 within the expression site revealed that the protein structures such as the central hypervariable region flanked by the N-and Cterminal conserved regions are considerably preserved worldwide. However, some exceptions were observed with a few changes among A. phagocytophilum strains from different host species and/or different geographical locations. For example, the N-terminal sequence MKRGKII in the human, bear and wood rat strains from the USA, and sequence MKRGRLL in both the Swedish dog and Norwegian sheep strains, appeared as MRKGKVIL in Japanese A. phagocytophilum-infected ticks. Additionally, the end of the N-terminal conserved region sequence LAKTSGKD (indicated by a bar above the sequence in Fig.  2b ) and the conserved 'signature' residues KVC, C, F and NWPT within the hypervariable regions (indicated by asterisks above the sequence in Fig. 2b ), which have been suggested previously by Barbet et al. (2006) , had some conservative replacements of amino acid residues regarding charge or size that probably form the necessary framework for correct folding of the protein on the surface of the bacterium. To understand the relationship among p44/msp2 clones from the six naturally infected ticks, phylogenetic analysis was performed based on the hypervariable region sequences (104-133 aa) (Fig. 3) . In this tree, the 64 clone sequences obtained were quite diverse (24.4-100 % amino acid similarities) and distinct from the closest relatives (56.3-97.6 % amino acid similarities; shown in italic in Fig.  3 ), except for the three relatives P44-15b-HZ-US, P44-1-HZ-US and P44-5-HZ-US from US human patients or animal host origins. Zhi et al. (2002) showed previously that only two p44/msp2 transcript species were detected in the salivary glands of experimentally infected I. scapularis ticks, although a variety of p44/msp2 transcripts emerged in experimentally infected mammalian hosts after tick transmission, suggesting that specific p44/msp2 transcript species might be expressed for adaptation of A. phagocytophilum in tick host environments. However, in this study, 19 different p44/ msp2 sequences within the expression site (shown in bold in Fig. 3 ; 26.6-100 % amino acid similarities) were identified in two I. persulcatus ticks, suggesting a remarkable diversity of p44/msp2 expression in ticks. This discrepancy between the previous study (Zhi et al., 2002) and this study may depend on the different samples of ticks tested, i.e. experimentally and naturally infected. For the experimental transmission study by Zhi et al. (2002) , a single strain of A. phagocytophilum isolated from a human patient was used, but in nature numerous A. phagocytophilum genotypic variants seem to be present (Ladbury et al., 2008; Massung et al., 2005 Massung et al., , 2006 Wuritu et al., 2009) , probably in naturally infected ticks as well as in wild mammalian reservoirs. In fact, Ladbury et al. (2008) reported that multiple strains of A. phagocytophilum were probably circulating in lambs within a naturally infected sheep flock. Therefore, the variation in p44/msp2 within the expression site observed in this study might be generated by the populations of different genotypic variants of A. phagocytophilum in naturally infected ticks. Recently, we characterized p44/msp2 hypervariable region sequences obtained from A. phagocytophilum in Ixodes ticks collected in Shizuoka and Yamanashi prefectures, in the central regions of Japan (Wuritu et al., 2009) , which are geographically different from the regions where the ticks were collected in this study (northern parts of Japan). We compared a group of 64 hypervariable region sequences from this study with another group of 80 sequences from our previous study (Wuritu et al., 2009) and found that there were sequence similarities between the two groups (24.4-99.2 %), except for two identical sequences. This suggests that the distribution of A. phagocytophilum genetic variants is dependent on these two different geographical locations. Barbet et al. (2003) and Lin et al. (2003) first reported a single genomic p44/msp2 expression locus consisting of transcriptional regulator 1 (tr1), omp-1X, omp-1N, p44/msp2 and a truncated recA pseudogene in A. phagocytophilum from human origins. Potential active promoter regions of the expression site, which are located upstream from omp-1N (Barbet et al., 2005) for the polycistronic transcript (region a in Fig. 1 ) and upstream from p44/msp2 (Wang et al., 2007) for the monocistronic transcript (region b in Fig. 1 ), have been identified previously. In these promoters, Wang et al. (2007) suggested that the transcription of p44/msp2 in tick salivary glands and mammalian hosts seems to be regulated selectively by these two different promoters: region a for ticks and region b for mammalian hosts. In Japanese A. phagocytophilum, the putative promoter region sequences upstream from omp-1N (GenBank accession nos FJ600595 and FJ600601; region a in Fig. 1 ) were identical to previously identified sequences (TAACTT and TTGACT in the 210 and 235 regions, respectively) in three strains from US human patients (GenBank accession nos NC_007797, AY164490 and AY137510), Norwegian sheep (GenBank accession no. DQ519565) and a Swedish dog (GenBank accession no. DQ519566), suggesting worldwide preservation and probably similar promoter activities p44/msp2 expression site of Japanese A. phagocytophilum among them in ticks. However, the sequences of promoters located upstream from p44/msp2 (region b in Fig. 1 ) were quite diverse among the above different host species (data not shown), suggesting distinctive promoter activities for transcriptional regulation in various mammalian host environments.
As described above, our data present here, for the first time, characterization of p44/msp2 expression sites from uncultured A. phagocytophilum in naturally infected ticks. This study provides significant information about the molecular characteristics of A. phagocytophilum in East Asia. Fig. 3 . Relationships among the hypervariable region sequences of p44/msp2 species from A. phagocytophilum in ticks of I. persulcatus (Ip) and I. ovatus (Io) by phylogenetic analysis. A phylogram was constructed by the neighbour-joining method based on amino acid sequences of 104-133 aa of p44/msp2 clones from A. phagocytophilum in six ticks . The p44/msp2 clone sequences located at the expression sites are indicated in bold and the closely related p44/msp2 from US patients, a US wood rat, a Swedish dog and Norwegian sheep are shown in italic. The numbers of p44/msp2 clones with identical amino acid sequences and/or accession numbers of the sequences are shown in parentheses. Numbers at the nodes in the tree show the bootstrap values with 1000 resamplings. Bar, 5 % sequence divergence. Fig. 2 . Variation in amino acid sequences of omp-1N (a) and p44/msp2 (b) within the expression site in A. phagocytophilum among different host species (Tick-162-18ES-Iwate-Ip and Tick-176-5ES-Iwate-Ip for Japanese I. persulcatus ticks, GenBank accession nos FJ600595 and FJ600601, respectively; ushuman for US human patient, NC_007797; uswrat for US wood rat, DQ510570; usbear for US bear, DQ519567; swdog for Swedish dog, DQ519568; and norsheep for Norwegian sheep, DQ519569). In (b), the bars above the sequence indicate the end of the N-terminal conserved region sequence and the beginning of the C-terminal conserved region sequence. Asterisks indicate the conserved 'signature' residues KVC, C, F and NWPT with some residue replacements within the hypervariable regions of p44/msp2, which has been suggested by Barbet et al. (2006) .
